The conventional kinesin motor transports many different cargos to specific locations in neurons. How cargos regulate motor function remains unclear. Here we focus on KIF5, the heavy chain of conventional kinesin, and report that the Kv3 (Shaw) voltage-gated K + channel, the only known tetrameric KIF5-binding protein, clusters and activates KIF5 motors during axonal transport. Endogenous KIF5 often forms clusters along axons, suggesting a potential role of KIF5-binding proteins. Our biochemical assays reveal that the highaffinity multimeric binding between the Kv3.1 T1 domain and KIF5B requires three basic residues in the KIF5B tail. Kv3.1 T1 competes with the motor domain and microtubules, but not with kinesin light chain 1 (KLC1), for binding to the KIF5B tail. Live-cell imaging assays show that four KIF5-binding proteins, Kv3.1, KLC1 and two synaptic proteins SNAP25 and VAMP2, differ in how they regulate KIF5B distribution. Only Kv3.1 markedly increases the frequency and number of KIF5B-YFP anterograde puncta. Deletion of Kv3.1 channels reduces KIF5 clusters in mouse cerebellar neurons. Therefore, clustering and activation of KIF5 motors by Kv3 regulate the motor number in carrier vesicles containing the channel proteins, contributing not only to the specificity of Kv3 channel transport, but also to the cargo-mediated regulation of motor function.
Introduction
Crucial for neuronal functions, membrane proteins including ion channels and receptors are localized to distinct subcellular compartments. Intracellular forward transport of proteins and organelles over long distances is thought to primarily rely on kinesin motors, which distinguish between different microtubules that lead to axons and dendrites (Nakata et al., 2011; Burack et al., 2000; Hirokawa and Takemura, 2005) . Other cytoskeletal and associated proteins also regulate the specificity of kinesinmediated transport. For instance, ankyrin-G and actin filaments at the axon initial segment appear to be critical for maintaining the axon-dendrite polarity by regulating selective transport (Maniar et al., 2012; Xu et al., 2010; Xu et al., 2007; Sobotzik et al., 2009; Song et al., 2009 ). However, whether cargos themselves can play an important role during selective transport, knowing exactly which motor protein to ride, how to ride, and where to go, still remains unclear.
As a major anterograde motor operating in axons, conventional kinesin-1 consists of a heavy chain (KIF5) dimer and two KLCs binding to the C-termini of the dimer. Although one motor complex is often sufficient to transport one vesicle along a microtubule, a few motors can work together to increase the processivity and travel distance, but not the velocity (Miller and Lasek, 1985; Howard et al., 1989; Block et al., 1990; Hirokawa et al., 1991; Leopold et al., 1992; Schnitzer and Block, 1997; Vershinin et al., 2007; Shubeita et al., 2008; Laib et al., 2009) . How the motor number on a carrier vesicle is regulated remains unknown. Furthermore, many proteins directly bind to the KIF5 C-terminal tail domains (Xu et al., 2010) , leading to an apparent conundrum for specific recognition and transport of axonal proteins and organelles. How does KIF5 distinguish different cargos, particularly those binding to overlapping sites?
Axonal Kv channels regulate action potential initiation, waveform, frequency and uni-directional propagation along axons, and neurotransmitter release at axonal terminals (Gu and Barry, 2011) . Each Kv channel complex contains four voltagesensing and pore-forming a subunits. Each a subunit consists of six membrane-spanning segments, and intracellular N-and Cterminal domains. Conserved N-terminal T1 domains form tetramers within a Kv channel subfamily, which is responsible for the proper assembly of a channel tetrameric complex (Li et al., 1992; Xu et al., 1995; Jan and Jan, 1997; Bixby et al., 1999; Choe, 2002; Jahng et al., 2002; Long et al., 2005) . Kv3.1 channel, involved in fast spiking (Rudy et al., 1999; Kaczmarek et al., 2005; Bean, 2007) , is the first identified ion channel that directly binds to KIF5 (Xu et al., 2010; Barry and Gu, 2012) .
In this study, the observation that endogenous KIF5 often clusters along neurites prompted us to examine how Kv3 channels may regulate KIF5 function. Using a combination of approaches including protein biochemistry, live-cell imaging assays, and Kv3.1 knockout mice, we have provided compelling evidence that the high-affinity multimeric binding between Kv3.1 T1 and KIF5B tail leads to KIF5 activation in clusters. Our results indicate that a Kv3.1-containing and anterogradelymoving punctum can astonishingly recruit up to 200 KIF5B-YFP motor dimers.
Results

Distribution pattern of endogenous KIF5 motors in neurons
In cultured hippocampal neurons, endogenous KIF5 motors are distributed smoothly and sometimes form clusters along neurites. Endogenous KIF5 clusters can be observed from both young neurons at 3 DIV (days in vitro) and older neurons at 21 DIV. KIF5B was concentrated in the soma, distributed rather smoothly along distal axons, and clustered in axonal endings. These clusters were not only at axonal growth cones, but also along axons. In a low-density neuron culture at 10 DIV, KIF5B clustered in many axonal growth cones, colocalizing with F-actin labeled with phalloidin ( Fig. 1A) . KIF5B was also distributed relatively more smoothly along the distal axon at a lower level (Fig. 1A) . However, clusters with different sizes along axonal trunks were also present and they did not colocalize with F-actin, nor with tubulin clusters (Fig. 1B,C ). If these clusters were moving carrier vesicles, they most likely contained many KIF5 motors, maybe tens or hundreds of KIF5 molecules, arguing against the current notion that each carrier vesicle contains only a few motors.
To understand the mechanism underlying KIF5 clustering, we wondered whether KIF5-binding proteins are involved. Mammalian KIF5 (KIF5A, KIF5B and KIF5C) contains an Nterminal motor domain for walking on microtubules, a stalk domain responsible for dimerization through coiled-coil regions, and a C-terminal tail domain for cargo binding. Among all the proteins known to bind to the KIF5 tail domain, Kv3 channel is the only one that forms functional tetramers (Xu et al., 2010) . However, it remains unknown how strong the binding is, how many KIF5 tails one T1 tetramer can bind to, and what are the structural elements in KIF5 tail critical for the binding.
High-affinity and multimeric binding between the Kv3.1 T1 and KIF5B tail domains
To identify critical residues in the Kv3.1 T1-binding site within KIF5B tail, we made a series of GST-fusion proteins ( Fig. 2A) . Purified GST-T70 (a.a. 865-934) efficiently pulled down His-31T1 from bacterial lysates ( Fig. 2B-E) . Both the N-terminal (GST-Tail ) and C-terminal (GST-Tail 892-934 ) portion of T70 also pulled down His-31T1, but less efficiently (Fig. 2B-D , all failed to pull down His-31T1 ( Fig. 2B-E) . Whereas GST-Tail 875-919 , missing 25 residues from both ends of T70, still pulled down His-31T1, GST-T70 RKR , with the three basic residues mutated to three acidic ones (Ds), completely lost the binding to His-31T1 (Fig. 2E) .
We further performed the pulldown assay with purified proteins, showing GST-Tail and GST-T70, but not GST-T70 RKR , precipitated His-31T1 revealed by Colloidal blue staining (Fig. 3A) . Surprisingly, smaller fragments, GSTTail 892-934 and GST-Tail 865-896 , did not clearly pull down purified His-31T1 (Fig. 3A) , which most likely resulted from lower binding affinity and different sensitivity of Colloidal Blue staining and western blotting.
To determine the binding affinity between GST-T70 and His-31T1, we performed the Surface Plasmon Resonance (SPR) experiment with purified His-31T1 and four GST fusion proteins, GST, GST-T70, , and GST-T70 RKR . GST fusion proteins were immobilized on the sensor chip, while His-31T1 flowed over the chip surface in a binding buffer. His-31T1 bound to GST-T70 in high affinity (K d : 6.061.4610 28 M; n54) with fast association (K on : 2.760.8610 4 M; n54) and relatively slow disassociation (K off : 1.660.1610 23 M; n54) (Fig. 3B, left) . In contrast, GST-Tail 892-934 had nearly a thousand-fold reduction in binding affinity (K d : 3.160.4610 25 M; n53) (Fig. 3B, middle) . The point mutant GST-T70 RKR completely lost the binding to His-31T1 (Fig. 3B, right) . Similar binding affinity was obtained between His-31T1 and GST-Tail containing the whole KIF5B tail domain. However, it is important to note that this binding assay was performed with isolated domains of Kv3.1 and KIF5B rather Fig. 1 . Clustering of endogenous KIF5 motors in cultured hippocampal neurons. The low-density culture of hippocampal neurons from rat embryos (at E18) was used here at 10 DIV. (A) Endogenous KIF5B motors cluster (arrowhead) at the axonal growth cone. F-actin was labeled with phalloidin Alexa Fluor 546 (red in merged). KIF5B was stained with a rabbit anti-KIF5B antibody (green in merged) and b-tubulin was labeled with a mouse anti-btubulin antibody (blue in merged). Signals are inverted in single-channel images. (B,C) Clusters of KIF5B along axons with (indicated by white arrowheads) and without colocalizing F-actin (indicated by black arrows). Scale bars: 10 mm.
than the full-length proteins. Full-length Kv3.1 and KIF5B may have a different binding scenario due to the Kv3.1 T1 domains being fixed in a much more rigid position in the context of the whole-channel complex. Nonetheless, the SPR experiment confirmed the direct binding between Kv3.1 T1 and KIF5B tail, the critical role of the three basic residues and hence the role of electrostatic interaction, and provided the first value of the binding affinity between an ion channel and a kinesin motor.
To estimate how many KIF5B tails bind to one Kv3.1 T1 tetramer, we performed a pulldown assay with purified His-31T1 (,20 kDa) and GST-T70 (,32 kDa) in eight different molar ratios from 0:1 to 100:1. In precipitants, the amount of GST-T70 894 to three aspartic acid residues to switch positive to negative charges completely eliminated the binding of T70 to His-31T1. Molecular weights are indicated on the left in kDa. Pulldown assays were repeated at least three times.
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stayed constant, whereas the amount of His-31T1 increased and saturated at an intensity ratio of 200:320 (AU) (His-31T1:GST-T70) (Fig. 3C) , suggesting that the stoichiometry of the binding complex is ,1:1. Since the T1 domain is highly conserved within the Kv3 channel subfamily, one Kv3 channel tetramer complex, including both homotetramers and heterotetramers, can bind up to four KIF5B motors (or four heavy chain dimers).
Kv3.1 T1 competes with the KIF5B motor domain and microtubules but not with KLC1 for binding to KIF5B tail KIF5 C-terminal tail domains contain overlapping binding sites for cargo recognition, auto-inhibition, and for interactions with myosin and microtubules (Twelvetrees et al., 2010; Wong and Rice, 2010; Xu et al., 2010; Andrews et al., 1993; Diefenbach et al., 1998; Coy et al., 1999; Friedman and Vale, 1999; Huang et al., 1999; Hackney and Stock, 2000; Setou et al., 2002; Cai et al., 2005; Glater et al., 2006) (Fig. 4A) . To determine how these proteins and Kv3.1 T1 affect each other's binding to KIF5B tail, we performed competitive in vitro binding assays, with a constant amount of GST-Tail, and two different His-tagged proteins in different molar ratios. Increasing amounts of His-31T1 did not decrease the binding between GST-Tail and His-KLC1 ( Fig. 4B,C ; supplementary material Fig. S1A,B) , suggesting Kv3.1 T1 does not compete with KLC1 for binding to KIF5B tail. In contrast, His-Motor did compete with His-31T1 for binding to KIF5B tail, although the binding between GSTTail and His-Motor appeared weaker ( Fig. 4D ; supplementary material Fig. S1C ).
By using microtubule in vitro assembly and pulldown assays, we further examined the role of Kv3.1 T1 in the KIF5B tail and microtubule binding. GST-Tail and GST-T70, but not GST, GST-T63 (a.a. 758-820, containing the KLC1 binding site), or GST-T70 RKR , bound to microtubules ( Fig. 4E,F ; supplementary material Fig. S1D,E) . Interestingly, His-31T1 effectively competed GST-T70 away from microtubules (the P fraction) in a concentration-dependent manner ( Fig. 4G ; supplementary material Fig. S1F ). His-31T1 does not bind to microtubules, since even in high concentration His-31T1 did not show up in the pellet fraction of microtubules ( Fig. 4G ; supplementary material Fig. S1F ). Therefore, Kv3.1 channels likely activate KIF5B motor activity by releasing the tail binding to both the motor domain and microtubules.
Binding proteins of KIF5 differentially affect the localization of KIF5 tail fragments To evaluate these in vitro results obtained with protein biochemical assays, we designed a series of experiments in neurons. We determined the roles of four known KIF5-binding proteins in regulating KIF5 distribution and motility as comparison. First, we examined the colocalization between KIF5 motor and these four proteins in neurons. Among cultured hippocampal neurons at 21 DIV, some expressed Kv3.1b, which colocalized with KIF5 in clusters (Fig. 5A , top) (Xu et al., 2010) . KLC1 extensively colocalized with KIF5 including clusters (Fig. 5A, 2nd row) . Whereas the KIF5-tailbinding SNAP25 partially colocalized with KIF5 in clusters, VAMP2, a cargo of KIF5, colocalized with KIF5 significantly less and no clear colocalization in clusters was observed (Fig. 5A, 3rd and 4th rows) . Therefore, the immunostaining results show that different KIF5-binding proteins colocalize with KIF5 in different patterns.
Next, to understand how these proteins bind to KIF5 tail in living neurons, we examined their effects on KIF5B tail distribution using coexpression. The KIF5 tail domains contain binding sites for binding cargos, and are commonly used as dominant-negative constructs to disrupt endogenous KIF5 (middle) and GST-T70 RKR (right), in the SPR experiment. Solutions containing six different concentrations (0, 200 nM, 600 nM, 2 mM, 10 mM and 100 mM) of His-31T1 were flowed over the chip. The spikes in the traces at the highest concentration of His-31T1 are most probably due to buffer change. Triton X-100 (0.1%) was included in the stock buffer of high-concentration purified proteins to increase the solubility, but not in the binding buffer used in SPR. (C) Estimation of the stoichiometry of the Kv3.1 T1 and KIF5B tail binding complex. In the left panel, purified GST-T70 (3.2 mg) was first coated on glutathione beads (30 ml total volume; 100% binding assumed), which were further incubated with different amounts of purified His-31T1. The molar ratios between His-31T1 (,20 kDa) and GST-T70 (,32 kDa) were 0:1, 0.4:1, 1:1, 4:1, 10:1, 30:1, 60:1, 100:1. The right panel shows the staining intensity graph of GST-T70 (black circles) and His-31T1 (red triangles). The protein gel was scanned as a TIFF image file and the intensity of protein bands were measured and subtracted with the background value. (T63) is located between residues 758 and 820, highlighted in blue. The Kv3 T1-binding site (T70) is between residues 865 and 934, highlighted in red, which overlaps with binding sites for KIF5 motor domain, microtubules and SNAP25. (B) His-31T1 did not compete with His-KLC1 for binding to GST-Tail. GST-Tail (3.5 mg) was first coated on glutathione beads and further used to pull down purified His-KLC1 (5.6 mg, so that GST-Tail and His-KLC1 are in a 1:1 molar ratio) mixed with different amounts of His-31T1. Molar ratios between His-31T1 and His-KLC1 used were 0:1, 0.3:1, 1:1, 3:1 and 10:1. (C) Western blotting with an anti-66His antibody in an experiment similar to B, except that a lower amount of GST-Tail (2.5 mg), an additional condition (30:1) and 10% loading compared to protein gels were used. (D) Increased amount of His-Motor reduced the amount of His-31T1 binding to GST-Tail. (E,F) Purified GST-Tail and GST-T70, but not GST, GST-T63 or GST-T70 RKR , bound to microtubules. Microtubules were assembled in vitro with purified tubulins for 20 minutes, then incubated with purified GST fusion proteins (around 5 mg total) for another 30 minutes and pelleted with a high-speed spin. Pellets were resolved with sample buffer equal to the supernatant in volume, and equal volume of supernatants and dissolved pellets were loaded on a SDS-PAGE gel. Protein bands were stained with Colloidal Blue (top). GST fusion proteins were further revealed with western blotting using an anti-GST antibody (10% loading) (bottom). (G) Purified GST-T70 and His-31T1 were mixed in four different molar ratios, 1:0, 1:1, 1:4 and 1:8. In this experiment, microtubules were assembled in the presence of 100 mM paclitaxel to further stabilize assembled microtubules. The supernatants and pellets were resolved in SDS-PAGE and revealed by both Colloidal Blue staining (top) and western blotting (10% loading) using an anti-GST antibody (bottom). Since there was no washing step after assembled microtubules were pelleted, very faint bands in the pellet lane are due to supernatant contamination, even when the protein does not bind to microtubules. All in vitro binding experiments were repeated at least three times. Molecular weights are indicated on the left in kDa. S, supernatant; P, pellet; black arrowheads, GST fusion proteins; red arrowheads, His-31T1.
Kv3 clusters and activates KIF5 motors 2031
function (Bi et al., 1997; Cross and Scholey, 1999; Setou et al., 2002; Konishi and Setou, 2009 ). YFP-Tail was mainly concentrated in the somatodendritic regions when expressed alone in cultured hippocampal neurons, whereas YFP-KLC1 was present in both axons and dendrites. When coexpressed, YFP-KLC1, but not YFP, brought CFP-Tail into distal axons (Fig. 5B ). In fact, YFP-Kv3.1b, YFP-SNAP25 and YFP-VAMP2, all failed to bring CFP-Tail into distal axons (Fig. 5C ), although all four YFP constructs were present in both dendrites and axons in transfected neurons. Whereas the tailmicrotubule binding is disrupted by KLC (Wong and Rice, 2010) and Kv3 T1 domain (Fig. 4G ), only coexpression of YFP-KLC1 but not YFP-Kv3.1b brought CFP-Tail into distal axons, suggesting binding to microtubules may not be the only mechanism to trap the tail domain in somatodendritic regions.
Using fluorescence resonance energy transfer (FRET) imaging, we examined the physical interaction between KIF5B tail and KLC1 in living neurons. CFP-Tail and YFP-KLC1 were highly colocalized and yielded strong FRET signals in both distal axons and soma (Fig. 5D,E) . Consistent with the results of binding assays (Fig. 3A) , CFP-KLC1 and YFP-T63, but not CFP-KLC1 and YFP-T70, yield strong FRET signals in both distal axons and soma (supplementary material Fig. S2 ). Furthermore, when coexpressed in hippocampal neurons, YFP-T70 but not YFP-T70 RKR significantly reduced the axonal level of Kv3.1bHA (supplementary material Fig. S3A,B) . Using FRET imaging, we found that YFP-T70 and CFP-Kv3.1b, but not YFP-T70 RKR and CFP-Kv3.1b, had significant FRET signals in neuronal soma (supplementary material Fig. S3C ,D). Therefore, these results obtained using living neurons are consistent with the biochemical data. Importantly, these results have identified two smaller regions within KIF5B tail, which can be used as dominantnegative constructs to disrupt the transport of different groups of cargos, for instance, KLC-dependent and -independent groups.
Opposite effects of the binding of Kv3.1 and KLC1 on KIF5B distribution
How various binding proteins to the KIF5 tail domain affect KIF5 activity and potentially cluster the motor remains unknown. When expressed in neurons, the distribution pattern of KIF5B-YFP was similar to that of endogenous KIF5. KIF5B-YFP was more uniformly concentrated in distal axons (Fig. 6A, top) , although clusters, especially at the axonal endings and sometimes along axonal trunks, were observed. Surprisingly, mutating the three basic residues (R 892 K 893 R 894 ) in the KIF5B tail domain to three Ds completely changed its distribution pattern. KIF5B RKR -YFP exclusively formed clusters in various sizes in axonal endings and along axons (Fig. 6A, bottom) . It was difficult to find the soma and dendrites of the neuron expressing KIF5B RKR -YFP. This is a more pronounced clustered pattern than that of the tailless KIF5B (Xu et al., 2010) . The mutation eliminated the binding of microtubules to KIF5 tail, which should be at least partially responsible for the effect.
Using cotransfection, we examined the effects of four different KIF5-binding proteins on the distribution patterns of KIF5B-YFP and KIF5B RKR -YFP. In the presence of coexpressed CFP-KLC1, KIF5B-YFP distribution pattern remained unchanged. In sharp contrast, in the presence of coexpressed CFP-Kv3.1b, KIF5B-YFP formed clusters in various sizes along axons (Fig. 6B ,D,E). Interestingly, coexpressed CFP-KLC1 completely converted KIF5B RKR -YFP from a highly clustered pattern to a uniformed pattern similar to that of KIF5B-YFP, which may suggest an inhibitory role of KLC1 in KIF5 activation. In the presence of coexpressed CFP-Kv3.1b, KIF5B RKR -YFP remained highly clustered ( Fig. 6C-E) . Only a very small fraction of the clusters contained CFP-Kv3.1b along axons (Fig. 6C, bottom) , in which endogenous KIF5 may dimerize with the mutant to bind to Kv3.1. Thus, expression of Kv3.1 clusters KIF5B motors, whereas expression of KLC1 tends to disperse them (Fig. 6D,E) . Different from CFP-KLC1 and CFP-Kv3.1b, both CFP-SNAP25 and CFP-VAMP2 partially colocalized with KIF5B-YFP and KIF5B RKR -YFP, but did not change their distribution patterns (Fig. 6E) . To further examine how these binding proteins affect KIF5B motor motility, we performed live cell imaging in high magnification on cultured hippocampal neurons transfected with KIF5B-YFP. When expressed alone, moving puncta of KIF5B-YFP were only occasionally observed ( Fig. 7A,G ; supplementary material Movie 1). In the present study, we only quantified detectable KIF5B-YFP puncta, but not moving vesicles with only one or a few KIF5B-YFP. In the presence of CFP-Kv3.1b, but not CFP-KLC1, CFP-SNAP25 or CFP-VAMP2, the frequency of moving puncta containing KIF5B-YFP markedly increased (Fig. 7B ,C,G; supplementary material Movies 2, 3). There was no clear increase in velocity. Therefore, among the four KIF5-binding proteins examined, CFP-Kv3.1b is the only one that can activate and cluster KIF5B-YFP.
In sharp contrast to KIF5B-YFP, more than half of KIF5B RKR -YFP puncta were moving (Fig. 7D ,G,H; supplementary material Movie 4). The increased moving frequency for KIF5B RKR -YFP puncta was mainly in the anterograde direction (Fig. 7H) . Coexpression of CFP-Kv3.1b, CFP-SNAP25 or CFP-VAMP2 did not affect the frequency of moving puncta of KIF5B RKR -YFP ( Fig. 7E,H ; supplementary material Movie 5), whereas coexpression of CFP-KLC1 significantly reduced the frequency ( Fig. 7F,H ; supplementary material Movie 6). Thus, Kv3.1 and KLC1 differ in regulating KIF5B motor motility. Importantly, our imaging results showed that many clusters of KIF5B RKR -YFP or the wild type in the presence of CFP-Kv3.1b were actually mobile, and most of them were in the anterograde direction.
Kv3.1 significantly increases the copy number of KIF5B-YFP on carrier vesicles
Because of the strong fluorescence intensity of these moving puncta, we suspected that they might contain many YFP molecules. We previously reported the measurement of YFPKv1.2 in axonal transporting puncta using quantitative microscopy calibrated with yeast strains expressing various YFP-fusion proteins Wu and Pollard, 2005) . Using the same strategy, we first measured the fluorescence intensities in anterograde moving puncta containing either KIF5B-YFP or KIF5B RKR -YFP, in the absence or presence of CFP-Kv3.1b or CFP-KLC1 (Fig. 8A,B) . Fluorescence intensities of retrograde moving and stationary puncta were also measured. Next, we calculated the numbers of KIF5B dimers with previously calibrated standards . In the presence of CFPKv3.1b, the estimated number of KIF5B-YFP dimers markedly increased for anterograde (KIF5B-YFP alone: 29.264.2; + CFPKv3.1b: 187.8647.3), retrograde (KIF5B-YFP alone: 27.864.9; + CFP-Kv3.1b: 327.3696.1), or stationary puncta (KIF5B-YFP alone: 76.469.5; + CFP-Kv3.1b: 764.86106.1) (Fig. 8C) . KIF5B RKR -YFP dimer numbers in various puncta markedly increased compared to KIF5B-YFP and the coexpression of CFP-Kv3.1b did not further increase those numbers (KIF5B RKR -YFP alone anterograde: 161.3645.8; + CFP-Kv3.1b anterograde: 167.2645.8) (Fig. 8C) . Coexpression of CFP-KLC1 also increased the number of KIF5B-YFP (anterograde: 86.8621.8), but significantly decreased the number of KIF5B RKR -YFP (anterograde: 84.7615.5), especially in anterograde moving puncta (Fig. 8C) . Coexpression of CFP-SNAP25 and CFP-VAMP2 had no clear effect on the content of KIF5B-YFP moving puncta. Therefore, our results indicate that Kv3 channels can cluster KIF5 motors during intracellular transport. This has raised an intriguing question. Can deletion of Kv3.1 channels influence the clusters of KIF5 motors in vivo?
KIF5 clusters in cerebellar neurons from Kv3.1 knockout mice are reduced
We examined the KIF5B distribution pattern in Kv3.1 KO mice, which were published previously (Ho et al., 1997; Sánchez et al., 2000; Hurlock et al., 2009 ). The KO mice were confirmed with western blotting and PCR-based genotyping (Fig. 9A,B) . In the western blotting of mouse brain lysates, the expression of Kv3.1b was completely eliminated, but the expression of KIF5 and its binding proteins, including KLC1, GRIP1 and SNAP25, remained unchanged (Fig. 9A) . Kv3 channels are highly expressed in mouse cerebellum. In particular, Kv3.1 channels are expressed in cerebellar granule cells (Weiser et al., 1994; Grigg et al., 2000; Rudy and McBain, 2001) . Therefore, Kv3.1b is present in the parallel fibers (axons from granule cells) in the molecular layer, but does not express in Purkinje neurons (Puente et al., 2010) . In coronal sections of cerebellum, Kv3.1b and KIF5B were present and colocalized in both molecular layer and granule cell layer (Fig. 9C) . In Kv3.1 KO mice, Kv3.1b staining markedly reduced, close to background (Fig. 9D) . Whereas the overall level of KIF5B remained the same in the KO mice, its KIF5B clusters significantly reduced (WT: 30176137; Kv3.1 2/2 : 25456121; P50.016) (Fig. 9E,F) . In brain sections, it is difficult to determine where the clusters come from, axons, dendrites, soma or even non-neuronal cells.
To clearly visualize KIF5 clusters along individual axons, we performed cerebellar neuron culture, using the similar condition with the hippocampal neuron culture, which favors the survival of granule cells. Kv3.1 and Kv3.3 are expressed in cerebellar granule cells (Grigg et al., 2000; Rudy and McBain, 2001; Weiser et al., 1994) . These neurons were clearly smaller than hippocampal neurons at the same developmental stage, but generated action potentials at markedly higher frequency (Fig. 10A, top) . Around 3 weeks in culture, WT cerebellar neurons, but not Kv3.1 KO neurons, generated high frequency spiking up to 100 Hz (Fig. 10A) . The after hyperpolarization of action potentials was clearly reduced in the KO neurons (Fig. 10B) , consistent with Kv3.1 deletion. The input-output curves were clearly different for the WT and KO neurons around 3 weeks, but not before 2 weeks (Fig. 10C) . In WT neurons, endogenous KIF5 formed clusters along neurites colocalizing with KLC1 (Fig. 10D,F) . In KO neurons, KIF5 clusters were still present, although there was clear reduction of clusters (Fig. 10E,G) . Using the same quantification method in Fig. 9E , we found that KIF5B staining had a clear clustered pattern along WT axons, and became much smoother along Kv3.1 KO axons (Fig. 10H,I ). Therefore, the results from cerebellum sections and cultured neurons are consistent. However, it is important to note that despite clear reduction in the KO mice, KIF5B clusters were still present, suggesting multiple proteins and/or mechanisms may contribute to KIF5 clustering.
Discussion
In this study, we show that Kv3 channels activate KIF5 by relieving the two inhibitory mechanisms that are mediated by the tail-motor and tail-microtubule binding (supplementary material Fig. S4A ). Kv3 tetramers cluster KIF5 motors via direct and multimeric high-affinity binding, and hence increase the number of KIF5 motors on the carrier vesicle (supplementary material Fig. S4B ). To our knowledge, this is the first report on a mechanism underlying the regulation of the motor number on a carrier vesicle. Our study also indicates that different KIF5-binding proteins, even with overlapping binding sites, can ride the KIF5 motor in different ways, which is likely critical for the specificity of KIF5-mediated transport. Therefore, this study has provided novel mechanistic insights into the specificity of cargo transport and cargo-mediated regulation of kinesin motors.
The high-affinity and multimeric binding between Kv3 T1 and the KIF5 tail is a novel mechanism underlying KIF5 clustering Kv3.1 is the first identified ion channel that directly binds to KIF5 (Xu et al., 2010) . Among all the known proteins that physically interact with KIF5, Kv3 is the only one whose function relies on proper tetramerization and tetramerization is required for Kv3-KIF5 binding (Xu et al., 2010) , raising an intriguing possibility that Kv3 channels may at least be partially responsible for KIF5 clustering, observed in endogenous KIF5 motors (Fig. 1) . To better understand the biochemical basis of the interaction between Kv3 T1 and KIF5 tail, we first performed a systematical mutagenesis of the Kv3.1 T1-binding site (a 70-residue region) of KIF5B tail and identified three basic residues crucial for the binding (Fig. 2) . Next, in the SPR experiment, we determined the binding affinity (K d 56.061.4610 28 M) between Kv3.1 T1 and its binding site within KIF5B (Fig. 3B) , which provides the first quantification for the binding strength between an ion channel and a molecular motor. The K d is within the binding range of a monoclonal antibody and its target, comparable to the binding affinity between KIF5 and GRIP1 (K d 51.9610 28 M) (Setou et al., 2002 ) and higher than the binding affinity between Sunday Driver/JIP3 and KIF5 (K d 51.8610 26 M) (Sun et al., 2011) . Furthermore, our pulldown experiments suggest that a Kv3.1 channel tetramer can simultaneously bind up to four KIF5 heavy chains (Fig. 3C) . The competition experiments show that purified His-31T1 competed with His-Motor and microtubules but not with His-KLC1, suggesting Kv3.1 may activate the KIF5B motor by relieving the inhibition of the motor domain and the microtubule binding to KIF5 tail (Fig. 4) . These biochemical data have revealed critical information regarding how Kv3 channels may activate and cluster KIF5 motors. It is important to note that the interactions revealed with protein biochemical assays are subject to variety of regulations in vivo. Therefore, we have further carried out various experiments using living neurons.
Different cargos ride KIF5 motors differently, suggesting cargo-directed transport
Kv3.1 is unique among the KIF5-binding proteins examined in this study in regulating KIF5B function. Although KLC1 was also shown to release the tail-motor domain binding and tailmicrotubule binding (Wong and Rice, 2010) , Kv3.1 and KLC1 differ in multiple ways in regulating KIF5 motor activity. First, they bind to different regions in KIF5B tail (Fig. 4) . Second, CFPKv3.1b but not CFP-KLC1 clustered KIF5B-YFP along axons (Fig. 6) . Third, interestingly, CFP-KLC1 but not CFP-Kv3.1b dispersed the clustered pattern of KIF5B RKR -YFP (Fig. 6) . In  Fig. 6 , the changes of distribution patterns were very dramatic and clear. Fourth, they had different effects on KIF5B-YFP moving puncta (Fig. 7) . KLC1 apparently did not compete with Kv3.1 channels for binding to KIF5 (Fig. 4E) , nor clusters KIF5 (Fig. 6) . In contrast to the sophisticated roles of KLC1 (Wong and Rice, 2010; Cai et al., 2007) , the action of Kv3.1 appears to be straightforward, which is to activate and cluster KIF5B motors. We also examined two other KIF5-binding proteins, SNAP25 and VAMP2. Although they have overlapping binding sites with Kv3 in KIF5 tail, both failed to cluster or activate KIF5 motors (Fig. 6E and Fig. 7) . Therefore, although the KIF5/kinesin-1 motor can be activated by other binding proteins, our study has clearly demonstrated that the Kv3 channels tetramers uniquely cluster KIF5 motor, contributing to the specificity of both cargo loading and cargo-regulated activation.
Regulation of the copy number of KIF5 motors on a transporting vesicle
This study has revealed a novel mechanism underlying the regulation of the copy number of KIF5B motors on a transporting vesicle. Although multiple kinesin motors to transport one carrier vesicle is accepted, the number of active kinesins is believed to be less than 10, supported by experiments and mathematical modeling (Erickson et al., 2011; Shubeita et al., 2008; Gazzola et al., 2009) . In sharp contrast, despite all the caveats , our quantitative microscopy data suggest that in the presence of Kv3.1 one anterograde transporting vesicle can astonishingly contain up to 200 motor dimers (Fig. 8C) . It is important to note that this number is obtained under the overexpression condition and may be close to the upper limit for a transporting vesicle. How many of these motors actively engage in walking along microtubules remains an open question. It is possible that many motors on the vesicle do not bind microtubules at the same time, but they may function as a reserve 
Kv3 clusters and activates KIF5 motors 2037
pool to increase the processivity. The motors that actively engage in walking along microtubules can be further regulated by microtubule-binding proteins (Dixit et al., 2008) . Nonetheless, this study has revealed a novel mechanism by which the motor number on a transporting vesicle can be effectively regulated. On the other hand, Kv3 channels may not be the only membrane proteins that can cluster kinesin motors. For instance, a recent study shows that Sunday Driver/JIP3 directly binds to KIF5 and activates the motor, but unlike Kv3, its oligomerization is not necessary, nor sufficient, for KIF5-mediated transport (Sun et al., 2011) . Currently, it remains unclear whether JIP3 can also cluster KIF5 motors, which should depend on the nature of oligomerization. SNAP25 and VAMP2 can also form homodimers or hetero-oligomers, but both do not markedly activate and cluster KIF5 (Fig. 7) .
Oligomerization of kinesin binding proteins (especially those membrane integral proteins that are embedded within transporting vesicles) regulating the motor number may be a general mechanism profoundly changing the motor function (supplementary material Fig. S4 ), in a way analogous to the cargo-mediated dimerization of other motor proteins (Tomishige et al., 2002; Sivaramakrishnan and Spudich, 2009; Yu et al., 2009 ).
Other potential mechanisms underlying KIF5 motor clustering
To determine how Kv3.1 deletion affects KIF5 clustering, we performed a series of experiments on Kv3.1 KO mice. Clear reduction of KIF5B clusters was observed, but clusters were still abundant in Kv3.1 KO neurons (Figs 9, 10 ). This may be due to the following reasons: (1) Other Kv3 channels, with highly conserved T1 domains, are present in cerebellum, including Kv3.3 and Kv3.4 channels. These channels can also cluster KIF5 due to the conserved T1 domains. (2) Besides Kv3 channels, there are unidentified proteins that can cluster KIF5 motors. Moreover, KIF5-mediated transport of Kv3 channels is a transient process. (3) Other mechanisms underlying KIF5 clustering, for instance, clustering of KIF5B RKR -YFP may result from elimination of auto-inhibition (Fig. 6) . However, it remains unclear what clusters KIF5B RKR -YFP.
Physiological functions of clustering KIF5 motors
Axonal transport mediated by clustered KIF5 may be a unique way for some cargos riding motor proteins. Precise targeting of various ion channels to correct location is critical for neuronal excitability and synaptic transmission. How channel proteins are transported to the right neuronal compartments has been an outstanding question in neurobiology. Several ligand-gated ion channels, such as two major type of glutamate receptors (NMDA and AMPA receptors) and GABA A receptors, bind to kinesin motors via specific adaptor proteins . Since these adaptors are monomeric, or at least unlikely form multimeric complexes, loading of the channel proteins will not cluster the kinesin motors. Our studies have demonstrated a direct binding between Kv3.1 channels and KIF5 motors. Different from all other known channels that are transported by KIF5, Kv3.1 channels activates and clusters KIF5 motors, which itself may also be a novel mechanism ensuring the specificity of cargo transport.
Finally, mutations in Kv3.3 channel gene cause spinocerebellar ataxia with cerebellar atrophy (Waters et al., 2006) . How does altered Kv3 channel activity lead to morphological changes in neural circuits remains an open question. A recent study shows that artificially clustered kinesin-1 can cause cilia-like beating of active microtubule bundles (Sanchez et al., 2011) . Thus, clustered KIF5 motors can alter the behavior of microtubule tracks and indirectly affect the transport of other proteins. Therefore, our current and previous works showing Kv3 channels are linked to actin and microtubule cytoskeletons via ankyrin-G and KIF5, respectively (Xu et al., 2010; Xu et al., 2007) , may shed light on this intriguing question. In particular, this work has raised a possibility that Kv3 channels may regulate axonal transport of other cargos via clustering kinesin-1, which is an interesting topic for further investigation.
Materials and Methods
cDNA constructs
GST-Tail, GST-T70 (GST-Tail 865-934 ), GST-T63 (GST-Tail 758-820 ), His-31T1, Kv3.1aHA, Kv3.1bHA, CFP-Kv3.1aHA, CFP-Kv3.1bHA, YFP-T70, YFP-T63, KIF5B-YFP were previously described (Xu et al., 2010; Gu et al., 2006; Xu et al., 2007) . GST- Tail 
Antibodies and immunostaining
Antibodies used include mouse anti-66His antibodies (Invitrogen, Carlsbad, CA; UC Davis/NIH NeuroMab facility (clone N144/14, Davis, CA), mouse anti-GST and anti-Kv3.1b antibodies (clone N100/13 and N16B/8, respectively; UC Davis/ NIH NeuroMab Facility), mouse anti-b-tubulin and anti-KIF5 H2 antibodies (Millipore, Billerica, MA), mouse anti-GRIP1 antibody (Abcam, Cambridge, MA), rabbit polyclonal anti-microtubule-associated protein 2 (MAP2) and anti-Tau1 antibodies (Chemicon, Temecula, CA), rabbit polyclonal anti-Kv3.1b antibody (Alomone Labs, Jerusalem, Israel), rabbit polyclonal anti-KLC1 antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA), rabbit anti-SNAP25, anti-VAMP2 and anti-KIF5B antibodies (Abcam), rat monoclonal anti-HA antibody (Roche, Indianapolis, IN), Cy2, Cy3, and Cy5 conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA). The procedures of immunocytochemistry were described previously (Gu et al., 2006) . In brief, the neurons were fixed with 4% formaldehyde (from 10% ultrapure EM grade and methonal free; Polysciences, Warrington, PA) and 4% sucrose in PBS for 20 minutes, and stained with specified antibodies under permeabilized conditions (in the presence of 0.2% Triton X100) to label total proteins. To distinguish axons and dendrites of neurons, an anti-Tau1 (Tau1 is an axonal marker) antibody or an anti-MAP2 (MAP2 is a dendritic marker) antibody was used in costaining. F-actin was labeled with phalloidin Alexa Fluor 546 and nuclei were stained with Hoechst 33342 (Invitrogen).
Hippocampal neuron culture and transfection
Hippocampal neuron culture was prepared as previously described from E18 rat embryos Gu et al., 2012; Gu and Gu, 2010) . In brief, 2 days after neuron plating, 1 mM cytosine arabinose (Sigma, St Louis, MO) was added to the neuronal culture medium to inhibit glial growth for the subsequent 2 days, then replaced with the normal culture medium. The culture medium was replenished twice a week by replacing half the volume. For transient transfection, neurons in culture at 5-7 DIV were incubated in Opti-MEM containing 0.8 mg of cDNA plasmid and 1.5 ml of Lipofectamine2000 (Invitrogen) for 20 minutes at 37˚C.
Protein purification and in vitro binding assays
Expression of GST-or 66His-tagged fusion proteins was induced in BL21 E. coli cells with 1 mM Isopropyl b-D-1-thiogalactopyranoside (IPTG) for 4 hours at 37˚C. Bacterial pellets were solubilized with sonication in the pulldown buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, and a complete protease inhibitor tablet) at 4˚C, and centrifuged at 50,0006g for 30 minutes at 4˚C. The supernatants were incubated either with glutathione beads (GE Healthcare Bio-Sciences AB, Sweden) or with Co 2+ beads (TALON metal affinity resin, Clontech Laboratories Inc.) at 4˚C for 3 hours. After extensive washing, the beads were coated with purified fusion proteins and were eluted with the elution buffer containing either 20 mM glutathione or 150 mM imidazole. The elution was further dialyzed with the pulldown buffer at 4˚C overnight.
In binding assays to map the Kv3.1 T1-binding site in Fig. 2 , glutathione beads coated with purified GST fusion proteins were further incubated with bacterial lysate supernatant containing His-31T1 at 4˚C for 2 hours. After extensive washing, the precipitants were eluted with 26 sample buffer, resolved in SDS-PAGE, and subjected to western blotting with an anti-His antibody.
In pulldown assays using purified proteins, purified GST fusion proteins (around 2.5-5 mg) were first coated onto glutathione beads (beads total volume: 30 ml). Coated beads were further incubated with purified His-tagged proteins in different molar ratios in the pulldown buffer without protease inhibitors (total volume 500 ml) at room temperature for 1 hour. After extensive washing, the precipitants were eluted with 26 sample buffer, resolved in SDS-PAGE, and subjected to western blotting or Colloidal Blue staining. In Fig. 3C , after binding, the beads were quickly washed once (,15 seconds) with the IP buffer and immediately incubated with the sample buffer. Each in vitro binding assay was performed at least three times.
Surface plasmon resonance experiments to measure binding affinities of protein-protein interactions
Surface plasmon resonance (SPR) experiments were performed at 25˚C on a Biacore T100 instrument (GE Healthcare, Piscataway, NJ) with CM5 sensor chips (GE Healthcare). One microgram of monoclonal anti-GST antibody was immobilized on flow cells covalently coupled as recommended by the manufacturer using the amine-coupling kit (GE Healthcare). Purified GST (0.6 mg) flowed over in the running buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl) and was captured by the antibody in cell 1 as a control, and other GST fusion proteins (0.6 mg) were immobilized in cells 2-4. Purified His-31T1 at different concentrations was injected at a flow rate of 20 ml/minute for 180 seconds. After 300 seconds of dissociation, the chip was fully regenerated with 1 M NaCl for 600 seconds. All sensorgrams show data in which the background signal (GST in cell 1) was subtracted from the total signal (GST fusion proteins). The K d for His-31T1 binding to GST fusion proteins were calculated by either fitting the curves to obtain K on and K off (for GST-T70) or plotting saturation binding curves using the equilibrium response value at the plateau of all curves (for ). Since we estimated the binding stoichiometry of GST-T70 and His-31T1 is about 1:1 (therefore 4:4), in analyzing SPR experimental data we adopted the ratio 1:1, assuming no allosteric effect during binding.
Microtubule assembly and binding assays
To reconstitute microtubule in vitro, purified tubulin (Sigma) (20 ml in 2 mg/ml) was incubated in the polymerization buffer containing 80 mM PIPES (N,N0-piperazine diethane sulfonic acid), pH 6.9, 0.5 mM MgCl 2 , 1 mM GTP (guanosine-50-triphosphate), and 5% glycerol, at 37˚C for 30 minutes. Then purified proteins (around 5 mg) were added and incubated for another 30 minutes. Microtubules and binding proteins were pelleted at 50,0006g for 30 minutes at room temperature and resuspended in sample buffer. To determine the amounts of tubulin and other protein in the microtubule or supernatant fractions, 15 ml of supernatants and resuspended pellets were analyzed by SDS-PAGE. In the competition experiment of GST-T70 and His-31T1, 100 mM paclitaxel was added to promote and stabilize microtubule formation.
Fluorescence microscopy and quantification
Fluorescence images were captured with a Spot CCD camera RT slider (Diagnostic Instrument Inc., Sterling Heights, MI) in a Zeiss upright microscope, Axiophot, using Plan Apo objectives 206 /0.75 and 1006 /1.4 oil, saved as 16-bit TIFF files, and analyzed with NIH Image J and Sigmaplot 10.0 for fluorescence intensity quantification. Exposure times were controlled so that the pixel intensities in dendrites and axons were below saturation, but the same exposure time was used within each group of an experiment. The quantification procedure was described previously (Xu et al., 2010) . Only transfected neurons with clearly separated dendrites and axons, and isolated from other transfected cells, were chosen for analysis. Using NIH Image J, we laid a line along the major axon to acquire its average fluorescence intensity (in arbitrary unit) (F axon ), and laid lines along proximal dendrites which connect with soma to obtain the average fluorescence intensity of the somatodendritic region (F sd ) to represent the total level. Thus, the ratio (F axon /F sd ) reflects the relative axonal level. The background fluorescence intensity was measured for each image and subtracted.
Live cell and FRET imaging
Neurons growing on 25 mm coverslips were loaded into the imaging chamber (Molecular Devices, Downingtown, PA) and incubated with imaging buffer (HE-LF medium (Brainbits, Springfield, IL) plus 2% B-27, 0.5 mM glutamine, and 25 mM glutamate) at room temperature. The timelapse imaging setup was built upon a Nikon (Nikon Inc., Melville, NY) TE2000 inverted microscope. Images were captured with a CCD camera Coolsnap HQ (Photometrics, Tucson, AZ) through CFP or YFP filter sets with 1 second exposure time. The filters were changed through filter wheels controlled through Lamda 10-3 (Sutter Instrument, Novato, CA) by MetaMorph software (Molecular Devices). The time-lapse imaging was performed with 2-second interval for 100 frames.
Our FRET imaging is used to detect sensitized emission, suitable for studying protein-protein interactions in living cells with a conventional fluorescence microscope. The strategy and protocol of FRET imaging were described previously in detail (Xu et al., 2010; Gu et al., 2001; Gu et al., 2006) . In brief, three images were acquired sequentially through (1) YFP filter (excitation 500/ 20 nm, emission 535/20 nm); (2) CFP filter (emission 430/25 nm, emission 470/ 30 nm); (3) FRET filter set (excitation 430/25 nm, emission 535/30 nm). A single dichroic mirror [86004BS; Chroma (Chroma Technology Corp, Bellows Falls, VT)] was used with all three filter channels. FRET between CFP and YFP was measured and calculated for the entire image on a pixel-by-pixel basis by a threefilter 'microFRET' method. The raw FRET images consisted of both FRET and non-FRET components (the donor and acceptor fluorescence bleeding through the FRET filter). The extent of crossbleeding was characteristic of the particular optical system and determined by the use of cells that express either CFP-or YFPfusion protein alone. Background fluorescence values were subtracted from each image before calculation. In our system, 64.7%60.5% (n518) of CFP, and 1.47%60.08% (n512) of YFP fluorescence bleed through the FRET channel, which were measured previously (Xu et al., 2010) . We measured the ratio of crossbleeding for all the CFP-and YFP-fusion proteins used in this study. The ratio values are consistent with those obtained in previous studies. Therefore, FRET corrected 5FRET raw 2(0.656CFP)2(0.0156YFP).
The calculation of FRET corrected was performed with the MetaMorph software.
Timelapse live-cell imaging and quantification of mobile puncta along axons All measurements were carried out on kymographs made with the MetaMorph program as previous described . The total time for each movie is 198 seconds. We calculated the frequency of transport events (or the average number of moving puncta per movie) F(number/minute)5n/(198 seconds/ 60 seconds/minute). For instance, if one moving punctum (n51) is observed in one movie (total 3.3 minutes long), F equals 0.3. F equals 0 if no moving punctum was seen in a movie. F equals 0.6 or 0.9 if 2 or 3 moving puncta were seen, respectively. Anterograde and retrograde puncta were presented as '+' and '2' values.
Using quantitative microscopy to estimate KIF5B-YFP motors in axonal puncta
We used five yeast strains (wild type and the ones expressing Arc1-mYFP, Arp2-mYFP, Fim1-mYFP, and Spn4-mYFP) (Wu and Pollard, 2005) to calibrate our quantitative microscope system as previously described . The fluorescence intensities measured in our microscope system were largely in a linear relationship with the published numbers . They were used to obtain the linear regression curve in SigmaPlot 11. F total 54.95n+61. R 2 50.96. In the regression, four points with 0 (F total ) and 0 (n) were added to force the curve to get close to the zero point. Fluorescence intensities of KIF5B-YFP puncta were measured. The estimated number of YFP-fused motors (n) and the number of motor dimers (n/2) were calculated for each punctum.
Kv3.1 knockout mouse genotyping
Kv3.1 knockout (KO) mouse line was kindly provided by Dr R. Joho at UT Southwestern Medical Center and have been maintained using a PCR-based genotyping procedure as previously described (Ho et al., 1997; Sánchez et al., 2000; Hurlock et al., 2009 ). The Kv3.1 KO mice were backcrossed with BL6 for ten generations. Seizure can be observed occasionally from some Kv3.1 homozygotes (2/2) but not heterozygotes (+/2) mice. The following primers were used: forward primer 31F775 (for both WT and knockout, 59-GCG CTT CAA CCC CAT CGT GAA CAA GA-39), reverse primer 31R991 (for WT, 59-GGC CAC AAA GTC AAT GAT ATT GAG GG-39), and reverse primer PNR278 (for knockout, 59-CTA CTT CCA TTT GTC ACG TCC TGC AC-39). Three Kv3.1 KO (2/2) and three control Bl6 mice of either sex at the age of 2-4 months were used in the immunofluorescence study.
Immunofluorescence staining on mouse brain sections and cluster quantification After cardiac perfusion and tissue fixation, mouse cerebellum was removed, postfixed, and then embedded in optimal cutting temperature media (Sakura Finetek USA, Inc., Torrance, CA) and stored at 280˚C until sectioning. Coronal sections (40-mm thickness) of mouse cerebellum were cut with a Microm HM550 cryostat (Thermo Scientific, Waltham, MA) and collected on Superfrost Plus microscope slides (FisherScientific, Pittsburgh, PA). Immunostaining and imaging were performed as previously described (Jukkola et al., 2012) . The whole images Kv3 clusters and activates KIF5 motors 2039 captured with a 406 objective lens were processed for quantification using Metamorph by flattening the background, thresholding the images to include only the 5% highest intensity pixels, and binarizing the image. Kif5B puncta were quantified in ImageJ using the 'Analyze Particles' tool to count all pixel clusters ranging in size from 9-300 pixels.
Whole-cell patch clamp recording on cultured cerebellar neurons from wildtype and Kv3.1 KO mice Current clamp recording of action potentials from cultured neurons was previously described . In brief, cerebellar neurons cultured from either WT or Kv3.1 KO mice, were recorded in two time windows, 2w (before 14 DIV; 10-12 DIV) and 3w (around 21 DIV; from 19-22 DIV). Neurons' membrane resistance, capacitance, and resting membrane potentials were measured. These values are consistent within each age group. Action potentials were induced by current injections (1000-ms duration; from 5 to 145 pA with increments of 10 pA) via the recording pipette. The studies were performed with three rounds of cultures. Each round had 4 to 6 pups.
Quantification of KIF5B clusters along axons of cultured cerebellar neurons from wild-type and Kv3.1 KO mice
The quantification procedure for KIF5B clusters along axons of cultured cerebellar axons is similar to that for cerebellar sections. All images captured with a 206 objective lens were processed for quantification using Metamorph by flattening the background, thresholding the images to include only the 5% highest intensity pixels, and binarizing the image. Kif5B puncta ranging in size from 9-300 pixels along axons (around 250 mm segments) were quantified in ImageJ. Fig. S1 . Densitometry of the competition and microtubule pulldown assays. Three replicates for each western blot or protein gel were analyzed using NIH ImageJ. The intensity of each band was subtracted with the background and presented as mean±s.e.m. (A,B) His-31T1 did not compete with His-KLC1 for binding to GST-Tail. (A) This is the densitometry result for Fig. 4B . Bands of His-31T1 are normalized with the strongest band in the last lane (10:1) that is set to a value of 6 AUs (arbitrary units). His-KLC1 bands are normalized using the first lane set to a value of 2 AUs. GST-Tail bands are normalized using the first lane set to a value of 3 AUs. (B) This is the densitometry result for Fig. 4C . His-KLC1 bands are normalized using the first lane set to a value of 2 AUs, whereas His-31T1 bands are normalized using the last lane (30:1) set to a value of 4 AUs. (C) Increasing amounts of His-Motor competed away His-31T1 from GST-Tail. This is the densiometry result for Fig. 4D . His-Motor bands are normalized using the last lane set to a value of 4 AUs, whereas His-31T1 bands are normalized using the first lane set to a value of 4 AUs. (D,E) GST-Tail and GST-T70, but not GST, GST-T63 or GST-T70RKR bound to microtubules in the pellet. This is the densiometry results for Fig. 4E,F. (F) Increasing amounts of His-31T1 competed GST-T70 away from microtubules. This is the densitometry result for Fig. 4G . All the raw values in D-F are divided by 100 before presented in the chart. S = supernatant; P = pellet. Fig. 7B . The left side is towards soma and the right side is towards axonal growth cone. The total time is 198 sec. Signals are inverted.
